ABSTRACT: Structured databases of chemical and physical properties play a central role in the everyday research activities of scientists and engineers. In materials science, researchers and engineers turn to these databases to quickly query, compare, and aggregate various properties, thereby allowing for the development or application of new materials. The vast majority of these databases have been generated manually, through decades of labor-intensive harvesting of information from the literature, yet while there are many examples of commonly used databases, a significant number of important properties remain locked within the tables, figures, and text of publications. The question addressed in our work is whether and to what extent the process of data collection can be automated. Students of the physical sciences and engineering are often confronted with the challenge of finding and applying property data from the literature, and a central aspect of their education is to develop the critical skills needed to identify such data and discern their meaning or validity. To address shortcomings associated with automated information extraction while simultaneously preparing the next generation of scientists for their future endeavors, we developed a novel course-based approach in which students develop skills in polymer chemistry and physics and apply their knowledge by assisting with the semiautomated creation of a thermodynamic property database.
■ INTRODUCTION
The current explosion of digital materials information makes it ever more important to construct and maintain databases of physical properties, databases that will, ideally, be organized to permit efficient querying by both humans and machines. 1 The amount of scientific literature published every year is growing at an astounding rate. Some studies place the number of scientific journals at more than 28,000, and the number of articles published each year at 1.8 million. 2 The amount of information, including data, embedded within these articles is overwhelming, and reading and extracting pertinent information from full-text articles have become unmanageable tasks for scientists and engineers. Access to a structured, searchable database of all materials properties would facilitate the design and model validation of new substances, improving efficiency by enabling scientists and engineers to more quickly discover, query, and compare properties of existing compounds. However, without a concerted effort to generate such databases, this problem will only become larger with time, hindering not only today's but also tomorrow's engineers and scientists.
We address the challenge of creating such databases by engaging students via a specially designed course. The vision for this course is to expose them to the polymer science literature while solving the problem of missing online databases of polymer properties. Previous work suggests that finding and using information to understand a problem with precise instructions helps students develop information literacy skills. 3 In the course outlined here, we therefore sought to emphasize two distinct components. The first involved a formal classroom setting, where students were exposed to fundamental polymer science and context for that knowledge emphasizing real-world applications of both their efforts and related topics. The second, more hands-on, component allowed students to use their knowledge, along with software, to create an entirely new database of a polymer property named the Flory−Huggins (χ) parameter, thereby involving them directly in a project with importance in both academic and industrial realms.
We suggest that this combination of theoretical and applied work could lead to better prepared future scientists and engineers. New generations of students rely extensively on the web as a source of information. In the case of polymer thermophysical data, that information is not always directly available. As they are confronted with the challenge of extracting data from the literature, they face the challenge of discerning which data are relevant, how they were measured and validated, and the manner in which they were analyzed, summarized, and ultimately published. Developing the skills to perform these tasks is an integral part of becoming a scientist.
The objective of this work is to present the outcomes and educational lessons learned in the development of a digital collection of χ values, with our long-term goal being to use student feedback to inform solutions for the automated collection and rationalization of polymer properties in databases assembled from publications available online. We motivate this work via the absence of a comprehensive database of polymer properties. We introduce the course structure and describe the software through which students interacted with the literature in the third section and present our findings and statistics accumulated from our course in the fourth section. We summarize and provide a few general observations in the final section.
■ MOTIVATION: CREATING A DATABASE OF POLYMER PROPERTIES
While there exist databases for hard 4 and metallic 5 materials, creating a database for polymers blends is challenging. Indeed, such a database needs to accommodate differences in polymer names due to the chemical structure and blend composition. For example, PolyInfo 6 is a database for polymeric materials extracted from publications satisfying the criteria that chemical structures of constitutional units are clearly determined by the authors. The extraction of these properties requires careful screening of publications by polymer specialists. 6 Our approach integrates the in-class education practice with the ultimate goal of automating the extraction of polymer properties from the literature using students' feedback.
We start with a particularly challenging property, not included in existing databases such as PolyInfo, the so-called Flory−Huggins (χ) parameter, 7 which characterizes the miscibility of polymer blends and polymer solutions. Since polymeric materials both are ubiquitous and typically consist of several polymeric components, which are generally incompatible, the χ parameter represents a key property for design of next-generation materials. Specifically, the χ parameter, which depends on the temperature and the types of polymer(s) or solvent(s) involved, is widely used to characterize the thermodynamic properties, including phase behavior, of polymer blends. Consequently, many experimental methods have been developed to extract χ and its temperature dependence, and representative values are often tabulated in standard polymer data handbooks. 8, 9 However, such tables are rarely up to date with recent findings.
While there are thousands of published values of χ, there is little consensus regarding the validity or meaning of different numbers. Different measurement methods often yield different values, and different authors have at times reported different values. Part of this variability is due to inherent deficiencies 
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Article within Flory−Huggins theory, which states that χ is inversely proportional to temperature. However, experimental evidence suggests a more complicated dependence, such that published χ values are often labeled as "effective" values in order to acknowledge these deficiencies. A database of χ values and associated measurement context will allow researchers to make informed judgments as to which χ values and thermodynamic analysis to use when predicting and understanding the phase behavior of multicomponent polymeric materials.
A possible solution to this problem, toward which we are moving in this work, would be to circumvent the need for manually curated paper copies of materials, which are compiled at considerable cost every several years, by extracting facts directly from scientific papers to be stored in efficient, humanand machine-readable databases. Ideally, since machines are capable of processing large volumes of text faster than humans, a fitting solution would involve computers "reading" thousands of papers and outputting structured content for human consumption. However, while computer-based solutions have improved significantly over the past few decades, extraction of structured data from unstructured documents remains a challenging task that continues to require human supervision. Computer scientists are investigating whether machine-learning techniques can "learn" from a minimal number of knowledgeable human curators and evolve to automatic extraction of "scientific facts" from publications, but a complete solution does not yet exist. 10, 11 In building this database, we want to leverage a wealth of relevant information in published research articles. However, mining the literature for loosely structured scientific entities such as χ values, which are inevitably encoded in different forms in manuscripts of various formats (see Figure  1 ), is a challenging task. 15 A parameter such as χ is not typically captured as a common metadata element, as are, for example, title, authors, and publication date. Nor is it always found in a standard paper element, such as figure, table, or equation. Therefore, mining publications for χ requires extracting values from nonstandardized text, tables, equations, and figuresa challenging task involving encoding, formatting, and other processing activities. 16 Beyond the challenges of locating and extracting the χ parameter for a given paper element, we must consider that this parameter is often reported under various temperature-dependent forms. Moreover, identifying and storing the Flory−Huggins parameter only makes sense if the corresponding polymers, solvents, molecular masses, methods, errors, and other measurement information are also captured. For these reasons, we believe that the population of such a database currently requires hybrid human−computer methods.
More generally, our view is that if we succeed in creating semiautomated tools for database creation in the context of χ, which is arguably one of the most challenging properties to collect and categorize due to the variety of measurement methods, it will be easier to translate such tools to create databases for other important properties.
■ CLASS STRUCTURE
Given the ubiquity of polymers, it has been suggested that every chemist should have at least an introductory course on the subject. 17 Similarly, information literacy is recognized as a topic of the utmost importance in the formation of undergraduate chemistry students. 18, 19 Engagement theory 20 and constructive theory 21 hold that students benefit from meaningful involvement in interactive and worthwhile tasks and that learning is most effective when students are active in knowledge formation.
Furthermore, previous work has consistently indicated that the use of supplemental computer-based instructional methods in chemistry has a positive influence upon student performance. 22 Finally, more recent studies suggest that collaborative learning positively changes students' attitude toward chemistry. 23, 24 We aimed to incorporate and integrate these findings and teaching philosophies into the class structure.
Our topical coursenot a required core courseentitled "Materials Database Creation for MacroMolecules" began with an introduction to both polymer science and databases. After the students learned the basics, which occurred after six 90 min classes, the lectures alternated between application of their knowledge through database development and the teaching of additional polymer physics. The class size was kept small in order to allow the instructors to interact closely with all students. Specifically, the class included a small group of undergraduate students (four freshmen, two juniors, and three seniors) with diverse backgrounds including chemistry, physics, and biology.
Course Content
The first portion of the course opened with a broad overview that described the context for the students' role. This overview included an introduction to commercial and industrial products that rely on polymeric materials. The importance of their involvement was emphasized by outlining the scale of the polymer industry, for example, the fact that the global production of plastics amounts to more than one hundred million metric tons per year. 25 Students were asked to find the chemical structures for common polymers and were taught some key single-polymer characteristics, including molecular mass and configurational statistics. Working on chemical structures prepared them to understand some of the polymers that they would later encounter in the literature. A discussion of polymer characteristics created the groundwork for understanding Flory−Huggins theory, from which the χ parameter is derived. This general introduction was followed by a general derivation of the Flory−Huggins theory, starting from elementary principles, so that students could develop an appreciation for the meaning of the χ parameter. The discussion of the Flory−Huggins theory was accompanied by examples outlining its application to the calculation of phase diagrams as a function of χ. Such examples illustrated the importance of developing a χ parameter database, and also equipped students with an understanding of the various methods that are used experimentally to determine the χ parameter. The presentation of Flory−Huggins theory was followed by discussion of the osmotic pressure of polymer solutions and its applications. This particular topic was chosen so that students could analyze tractable experimental data and extract basic information about the magnitude of the χ parameter that is typically encountered in such systems.
The next phase of the course introduced students to modern databases. These lectures provided an overview and history of databases, their purpose and current applications, and basic technical details. For example, approaches for data modeling and concepts such as primary keys and joins were presented. The database lectures provided students with the skills to browse and understand the database they would populate, thus presenting a behind-the-scenes look into the software and the
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At this point, it was assumed that students were ready to participate in the creation of the database. For the remainder of the course, lectures alternated between classes on fundamentals and classes on literature review using specialized software, which are discussed in more detail in the next section. We encouraged questions to instructors and to other students during in-class publication reviewing sessions.
Software Assisting Database Creation: χDB
The literature review component of the course leveraged custom software developed by the authors. This software, named χDB, 26 comprises two components that allow students to focus on the science. The first component extracts relevant information from the published literature. The second component presents the previously mined information to students via a Web Interface for review and extraction. Figure 2 shows the χDB software architecture. 
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The first component is a Web crawler, coded in the Python programming language, 27 which crawls Macromolecules publications and downloads articles that include "Flory−Huggins" as a keyword. We configured the crawler to download all matching articles since January 2010. It then extracts structured metadata such as the title, authors, abstract, and digital object identifier (DOI) by detecting specialized HTML (hypertext markup language) tags. Finally, the crawler downloads the fulltext HTML version of the paper, extracts all paper elements that may contain parameter values (in particular, equations, tables, and figures), and registers these data into a MySQL database. While this crawler is currently specific to Macromolecules, it can be modularized to support other journals that publish their articles online in HTML.
The χDB literature review graphical user interface (GUI) is a Web site accessible only on the University of Chicago network to ensure that only those with access to the journal are able to perform reviews. The home page follows a three-column layout pattern: the first column lists all papers in the database, the second lists the papers that have been reviewed once, and the third lists the papers that have been fully (twice) reviewed. Clicking on an individual paper leads to the review page.
The review page presents students with the articles (in extracted form) and the associated metadata. It also allows students to mark items (figures, equations, or tables) as relevant, meaning that they relate to the Flory−Huggins parameter, for example, because they contain a χ value. Note that not every item identified as relevant actually contained a χ value. For example, a figure may be a phase diagram or contain the structure of polymers for which the χ parameter is determined.
When students find a χ value, they click on the "Add Chi Value" button next to the element they are reviewing (e.g., abstract, table, or equation). A form is then generated to enable entry of the name of the polymer(s), the molecular weight(s) of the polymer(s), the method used to measure the χ value, and other information pertinent to the experimentally determined χ value found in the publication. For example, while χ is generally assumed to be independent of the polymer blend composition (φ), this is not always the case, and in practice some authors provide the concentrations of the individual components of the system. Figure 3 shows an example of this form.
To minimize ambiguity in the database, we define a set of minimum required information for successful submission of a χ value. In defining a data model for χ, we rely on the three principal theoretical temperature-dependent representations of χ found in the Physical Properties of Polymers Handbook, 8 ; and type 4, other. We anticipated that some χ values would be embedded directly in the text, rather than only the figures and tables automatically extracted by the χDB Web-crawler. For that reason, the title of each article on the review page was linked to the original (full text) publication, so that students could scan each paper for other χ values. In this scenario, students click on the "Add Chi" button (next to the abstract), and then complete the form to indicate that the value was extracted from the text. Students can also specify whether a reported χ value is obtained from another publication, as opposed to being determined in the work being reviewed. Finally, students can add notes to further describe and support their entries.
As previously mentioned, each publication is reviewed by two students to reduce errors. If the two reviews produce conflicts, 
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Article the publication is flagged for review by an expert. Initially, publications were only reviewed in class so that students could ask questions and provide suggestions. As the course continued, students were asked to make suggestions for improvement, which were incorporated into the software throughout the course. This approach allowed the students to have a meaningful impact on the final database. For example, some χ values were reported in publications as valid for a range of temperatures rather than a single point at a specific temperature. We modified the form to include minimum and maximum temperatures to accommodate such values. The instructors and students shared an online document to report and address problems; this form was especially active early in the class. After initial concerns were addressed, students also reviewed publications outside of the class.
Student Assessment
In addition to the lectures, six homework exercises were assigned to emphasize various aspects of the course material. One such exercise asked students to extract a χ parameter value from small angle neutron scattering data. The average grade in this exercise was 80%. In another exercise, students correctly computed the limits of stability for phase separation using Flory−Huggins theory with an average grade of 96%. Student progress was evaluated through an in-class midterm exam and a take-home final exam. As part of the final exam, students were asked to use Flory−Huggins theory to generate a phase diagram as a function of χ. They then combined their phase diagram with results from a homework exercise, thus arriving at a product that scientists could use to design polymeric materials. This exercise aimed to provide direct experience on how the χ parameters within the database were created and how researchers might use them.
The average grade for the midterm exam was 89%. The average grade for the final exam was 99.4%, and all students were able to derive the phase diagram. Instructors also assigned a final number of publication (first and second) reviews on the χDB Web site, which all students completed. We give an overview of the data collected and present the students' feedback in the next section.
■ RESULTS AND DISCUSSION
Our nine students reviewed 133 papers over an eight-week period, of which 84 were found to be relevant as defined earlier. We also investigated student contributions to the database by considering the number of papers for which they performed first and second reviews, and the number of those papers that contained relevant items; these results can be seen in Figure  4a ,b, respectively. In order to preserve student anonymity, the students were each assigned a unique identifying number (ordered by the total number of papers reviewed). It is likely that the greater variation across students for relevant reviews is a consequence of the significant number of papers that contained no relevant items and the random assignment of papers to students, rather than student performance. Relevant papers can then be broken down into relevant items, defined as relating to but not necessarily containing χ, and the number of χ values collected as can be seen in Figure 4c ,d, respectively. There is no direct correlation between the number of relevant items identified in a paper and the number of χ values eventually extracted from that paper. Thus, in the future, we may want to refine the concept of relevancy of items. For example, figures may be relevant because they are illustrations of materials or because they are phase diagrams, the latter are more directly related to χ and may be more correlated with the number of χ values extracted. While instructors emphasized phase diagrams, students were also successful in identifying figures that related to the material or the method. This initiative showed a clear understanding of the motivation for their work and the impact of their input on future uses of the database.
We were also able to characterize important aspects of the paper review process by soliciting student feedback through a survey. This survey involved both closed-and open-ended questions. The closed-ended questions are summarized in Table 1 . These results, combined with comments during literature reviews in class, represent critical information for determining future modifications of our methods. They can also be used as guidelines for designing similar courses.
We also probed the students' backgrounds and their views on the information required for effective reviewing. One student was auditing and hence not present at the final exam. We found that most students were comfortable reviewing publications independently after only two in-class sessions (see Q1, Table   Table 1 Table 1 ). This experience suggested that their backgrounds in conjunction with course material were the key information required to review publications. Given that only half of the students had any specialized background in materials or polymers as determined from an open-ended question, the content of the course appeared to be successful in preparing the students for their involvement in database creation. The students reported that scientific knowledge was required for reviewing, which seems aligned with their experience in the course. Specifically, seven out of the eight registered students reported that future reviewers should be a college student in the physical sciences or engineering (see Q3, Table 1 ). In addition to determining metrics for success, we investigated the students' motivation and enjoyment of their role as reviewers. We found that the freshmen responded more favorably to an open-ended question on their general thoughts regarding the course. The freshmen also all responded that they would be interested in reviewing papers in the future, while none of the upperclassmen were interested (Q4, Table 1 ). Note that reviewing involves using the software for data entry while reading publications, which more experienced students may have judged to be not sufficiently challenging. Freshmen may also have shown more interest because reviewing literature was likely to be a new experience for them. In general, freshmen also reported a higher desired level of background knowledge prior to reviewing papers (Q5, Table 1 ), more in-class sessions, and more time to review a paper. While the differences are small, they may indicate that freshmen also found the task more challenging and hence more interesting than did their more senior classmates. Students reported that learning the motivation for the course, while important, was not critical (Q6, Table 1 ). Students may have simply enjoyed the exposure to the literature or the nontraditional nature of course.
Regarding the software and its usability, the students found that having experts on hand during the in-class sessions was helpful (3.5/5), but not vital (see Q7, Table 1 ). The expertflagging feature was added in anticipation of conflicts between reviewers, but in practice the collaborative nature of the in-class sessions, which encouraged students to ask instructors and each other when they were confused, resulted in only one paper being flagged. This factor also might explain why they may not have considered access to experts essential.
Students also reported that they were comfortable using the web interface (see Q8, Table 1 ). However, there were, and continue to be, improvements that can be made in the software to improve future reviewers' experiences. For example, students reported early in the review process that some χ values were given as a range and that some papers contained relevant figures without specific χ values, two factors that had not been considered in the initial design. We thus added the ability to enter a χ value as a range as well as the ability to enter which polymers were mentioned in the paper even when no specific χ values were present. Students had additional suggestions for improvements in the final survey, such as entering several similar χ values as a set instead of entering them one at a time and displaying each user's history and statistics. As coordinators of the χ database, we considered the feedback of the students invaluable to the success of the project as a whole.
■ CONCLUSION
We have reported on a preliminary and ambitious attempt to educate students in polymer science and engineering via engaging them in the population of a database of polymer properties by a human−machine interactive approach. The project involved synergistic efforts from experts in such diverse areas as computational science and polymer physics, along with significant contributions from undergraduates in various scientific disciplines.
Final grades indicate that students learned the material presented during the class. Their ability to identify relevant information in publications beyond what was generally covered by instructors during the classes implies that they benefited from the exposure to the literature and experience extracting properties from a variety of sources.
In general, students reported enjoying their experience, including their interaction with scientific literature, which was an intended goal of the course. Freshmen were particularly enthusiastic, we believe as a result of increased engagement due to the more appropriate level of difficulty of the class. We also asked students if they would like to continue reviewing papers; nearly half of the class has continued to review papers over the summer suggesting that many of the students enjoyed contributing to the solution of a problem facing the scientific community. The students also provided vital insight into the ways in which the Flory−Huggins χ parameter is represented and used in the literature and learned both fundamental polymer physics and how databases are designed, populated, and used.
Our experience suggests that with adequate training and with a sufficiently friendly user interface, undergraduate students can play an important role in tackling the problem of creating scientific databases for both the academic and industrial sectors. In just one academic quarter, nine students were able to identify χ values for 60 polymer blends, including not only 13 (31.7%) of the 41 polymers values found in the Physical Properties of Polymers Handbook, 8 but also χ values for an additional 47 polymers not found in the handbook. The large number of new polymers found is not surprising, given that the handbook was published in 2007 and that we analyzed only papers published in Macromolecules between 2010 and 2015. Nonetheless, it emphasizes the potential for using our approach to create and maintain a digital database of Flory−Huggins χ parameters that is more up to date than any survey publication. Importantly, the course also trains and involves future scientists in a vital task with minimal financial expense.
We plan to make our software available so that other universities and institutions can offer the same course model. Ultimately, however, our goal is to learn from the students' input and reduce the human component of the system to perhaps a handful of experts. These experts would conduct a number of reviews, which a machine-learning algorithm could then use as ground truth in order to achieve varied level of automatic classification and extraction of polymer properties from publications. Preliminary results in this direction are encouraging though beyond the scope of this paper. We are also in discussions with other journals with a view to expanding the initial data set. The data collected is publically available on the Material Genome Polymer Property and Predictor Project Web site. 29 We are currently evaluating the quality of the collected data and conducting a more detailed and qualitative comparison with the Properties of Polymers Handbook. 
